The molecules that define human regulatory T cells (Tregs) phenotypically and functionally remain to be fully characterized. We recently showed that activated human Tregs express mRNA for a transmembrane protein called glycoprotein A repetitions predominant (GARP, or LRRC32). Here, using a GARP-specific mAb, we demonstrate that expression of GARP on activated Tregs correlates with their suppressive capacity. 
R
egulatory T cells (Tregs) play a key role in maintaining peripheral tolerance, preventing autoimmune diseases, and limiting chronic inflammatory diseases. Naturally occurring Tregs, among different subsets of suppressor T cells, are currently defined by expression of the transcription factor FOXP3 and a variety of T-cell activation markers (1, 2) . Functionally, Tregs respond poorly to TCR activation in terms of cytokine secretion and proliferation, and possess the ability to suppress the immune responses of effector cells (1, 2) . In recent years, a myriad of mechanisms of Treg-mediated regulation have been identified (2) . However, it is still unclear whether there are additional, yet-to-be-identified molecular pathways that can mediate Treg inhibitory activity.
Naturally occurring Tregs express high levels of FOXP3, a master transcription factor known to be necessary for Treg development and function (1, 2) . Ectopic overexpression of FOXP3 in naive T cells is able to partially endow these cells with Treg characteristics (3Ϫ5). TGF␤-treated naive T cells in both the human and murine systems can also up-regulate FOXP3 expression (6Ϫ8). Furthermore, TGF␤ was shown to induce contact-dependent suppressive activity in human naive T cells (9) . However, in contrast to murine T cells, TGF␤-induced FOXP3 appears to be insufficient to confer a regulatory phenotype in human T cells (8) . This finding renders FOXP3 an unreliable marker to define human T cells with suppressive ability. Other molecules that have been shown to be differentially expressed on Tregs, including CD25, CD62L, CTLA-4, and CD127, are modified during T-cell activation or differentiation, and under chronic immune activation conditions these may not adequately discriminate Tregs from recently activated T cells (1, 2) .
We recently identified a leucine rich repeat (LRR)Ϫcontaining molecule called LRRC32 or GARP, which is highly expressed at the mRNA level in activated naturally occurring Tregs (10) . Here we show that GARP identifies a subset of activated FOXP3ϩ T cells with high suppressive capacity and discriminates FOXP3ϩ non-suppressor TGF␤-treated T cells from bona fide Tregs. We also found that sorting for GARP expression excludes most IL-17-secreting cells within the CD25ϩ T-cell subset. In addition, we show the major discordance between FOXP3 and GARP expression in HIVinfected individuals, where a portion of the FOXP3ϩ T cells are possibly recently activated cells masquerading as Tregs. These findings reveal GARP as a highly specific molecule for activated Tregs, which could play an important role in their identification and function.
Results
Expression of GARP on Treg Cells. In the periphery, tolerance to self-antigens is partly mediated by naturally occurring Tregs. However, effector molecules expressed on the cell surface of activated Tregs are not fully determined. To search for novel molecules expressed on activated Tregs, we performed a microarray analysis and identified an mRNA encoding a cell surface protein named GARP that is specifically expressed on Tregs post-TCR activation (10) . Recently, a specific mAb against GARP was made available, which we positively confirmed on GARP-transduced Jurkat T cells [supporting information (SI) Fig. S1 A] . Using this antibody, we confirmed our previous finding (10) that GARP is expressed at high levels specifically on human Tregs but not conventional T-cell subsets (Fig. 1A) . Furthermore, GARP expression was restricted to the FOXP3ϩ population (Fig. 1B) .
We next explored the kinetics of GARP expression in different T-cell subsets. In Tregs, GARP was up-regulated quickly after TCR stimulation and maintained on most Tregs for 2 days before the expression levels declined (Fig. 1C) . In naive Tregs, defined as CD45RO-CD45RAϩCD25ϩFOXP3ϩ T cells (TNregs), GARP expression was induced 1 day postactivation, and reached a level similar to mature Tregs on day 2 (Fig. 1C) . We and others have also shown that after in vitro expansion, the TNregs differentiate into mature Tregs (11) (12) (13) (14) . GARP expression was up-regulated on in vitro expanded Tregs upon reacti-vation (Fig. 1C Lower) , comparable to ex vivo analyzed Tregs (Fig. 1C Upper) .
Together, these findings suggested that GARP is preferentially induced on T cells with Treg phenotype. Therefore, we studied the possibility of using GARP as a marker for activated T cells with suppressor function. We first activated CD4 ϩ T cells through their TCR and stained for GARP expression. As expected, most cells also up-regulated CD25 (Fig. 1D) . A portion of CD25ϩ T cells also expressed GARP after TCR-activation (Fig. 1D) . We then sorted these cells based on GARP and CD25 expression (Fig. 1D ). More than 90% of the GARPϩCD25ϩ sorted T cells also expressed FOXP3 (Fig. S1B) . The sorted cells were rested for 1 week in IL-2-containing media and then reactivated to determine their suppressive activity. We found that the GARPϩCD25ϩ cells very strongly inhibited the proliferation of TCR-stimulated target cells at different target to suppressor ratios (Fig. 1E) . The GARPϩCD25ϩ cells also secreted significantly less IL-2 and IFN␥ as compared with the GARP-CD25ϩ population, a characteristic of Tregs (Fig. S1C) . Together, our data show that GARP identifies suppressor T cells within the activated CD4 ϩ T-cell subset.
GARP Plays a Role in Treg-Mediated Suppression. Because almost all GARPϩ T cells also express FOXP3, we hypothesized that GARP is an effector molecule downstream of FOXP3 expression and investigated whether FOXP3 is required for GARP induction in Tregs. We expressed two different shRNAs against FOXP3 in expanded Tregs, which have been shown to knock down FOXP3 efficiently ( Fig. 2A) (11) . The FOXP3 shRNA- expressing expanded Tregs showed a reduction of GARP upregulation in comparison to control shRNA-expressing Tregs ( Fig. 2 A) . In contrast, knockdown of GARP did not change FOXP3 expression in expanded Tregs (Fig. 2B) .
We have shown before that overexpression of GARP in naive human T cells endows them with partial Treg phenotype (10) . In a reverse experiment, we found that silencing GARP induction by shRNA expression in expanded Tregs resulted in modest but significant impairment in suppressive function (Fig. 2C) . Thus, GARP could contribute to Treg-mediated suppression but does not account for the majority of their regulatory activity under our in vitro conditions. Silencing GARP in Tregs did not affect their low cytokine secretion characteristic (Fig. S2 ).
TGF␤-Induced FOXP3؉ Human T Cells Do Not Express GARP. TGF␤ has been shown to induce FOXP3 expression in both human and murine T cells (6) (7) (8) . Although TGF␤ is shown to differentiate naive T cells into functional Tregs in mice, in the human system TGF␤-induced FOXP3ϩ cells do not display suppressive activity (8, 15) . We showed that addition of TGF␤ during activation of CD25Ϫ naive human T cells induces FOXP3 expression in a majority of these cells (Fig. 3A) , which was maintained at high levels for at least 1 week (Fig. S3 ). However, despite expressing FOXP3 at levels comparable to those of natural Tregs, the TGF␤-treated cells did not express GARP protein on the cell surface upon TCR activation (Fig. 3B ) or GARP mRNA as determined by real-time polymerase chain reaction (PCR) analysis. TGF␤-treated human T cells also did not show suppressive activity in vitro (Fig. 3C ), consistent with a previous report (8) . We conclude that TGF␤-induced FOXP3 is not sufficient for GARP expression. Consistent with this finding, we found that in T cells overexpressing FOXP3, at levels higher than those of natural Tregs (Fig. 3D) , induction of GARP post-TCR activation was either completely absent (Fig. 3D) or was present at much lower levels compared with Tregs (Fig. 3E) . Together, these findings suggest that although FOXP3 is important, clearly it is not sufficient to program the cells to induce GARP expression.
GARP Expression Defines Suppressive Activated Tregs and Excludes
IL-17-Secreting CD25؉ T Cells. An important implication of the above results is that TGF␤-induced FOXP3 greatly confounds analysis of suppressive natural Tregs during disease conditions or infections in humans, where T cells could be activated to induce FOXP3 (in the presence of TGF␤) without differentiating into Tregs. We therefore further explored whether GARP can be a more reliable marker for determining Tregs after immune activation. To address this question, we first isolated CD4ϩCD25Ϫ (Teff) and CD4ϩCD25ϩ (canonical Tregs) T cells, which were stimulated through TCR for 48 hours, and then further sorted based on GARP expression (GARPϩ and GARPϪ respectively) (Fig. 4A) . The CD25Ϫ Teff cells, which do not express GARP, were also mock sorted and used as control cells. Because GARP-sorted T cells were activated to induce GARP expression, they were cultured and rested in IL-2-containing media for 10 days and then activated through the TCR to assess their suppressive capacity. CD25ϩGARPϩ were more potent in suppressing the proliferation of the target T cells as compared with the CD25ϩGARPϪ subset ( Fig. 4B and Fig.  S4 ). Teff control cells did not show any suppressive activity at different suppressor-to-target ratios ( Fig. 4B and Fig. S4 )
In two recent reports, it was shown that a portion of human CD25ϩ or FOXP3ϩ T cells contain high levels of IL-17-secreting Th17 cells (16, 17) . Therefore we determined the percentages of IL-17 and IFN␥-secreting cells in GARPϩ and GARPϪ subsets, which were sorted from CD4ϩCD25ϩ T cells (Fig. 4A) . These sorted cells were activated with phorbol myristate acetate and ionomycin and stained with FOXP3, IL-17, and IFN␥. We found that most CD25ϩGARPϩ cells remained FOXP3ϩ and that a small portion (Ϸ1-2%) expressed IL-17 at levels lower or comparable to those in CD25Ϫ Teff cells (Fig.  4C) . Remarkably, CD25ϩGARPϪ sorted cells contained much greater percentage of IL-17-secreting cells, which was 3-4-fold higher compared with CD25Ϫ Teff cells (Fig. 4C ). CD25ϩGARPϩ cells also expressed much lower levels of IFN␥ϩ cells compared with CD25ϩGARPϪ cells (Fig. 4D) . In contrast to IL-17 expression, CD25ϩGARPϪ T cells also did not display higher IFN␥ϩ cells compared with CD25ϪGARPϪ Teff cells (Fig. 4D) . Together, these findings suggest that GARP not only consistently defines T cells with the highest suppressive activity but can also discriminate CD25ϩ T cells that contain high levels of IL-17-secreting cells.
Can GARP Expression Better Identify Tregs During HIV Infection?
We had observed that some chronically HIV-infected individuals express a higher proportion of FOXP3ϩ T cells compared with healthy donors (Figs. 5A , 5B). It is not clear whether FOXP3ϩ cells in HIVϩ individuals represent a suppressor subset or whether they are induced as a consequence of chronic immune activation, which is a hallmark of HIV infection. Reliably identifying suppressor Tregs from HIV patients based on functional in vitro assays is also challenging because of the limited number of cells that are typically obtained in the clinical setting. Therefore, we examined whether GARP expression could be a better defining tool to identify true Tregs in these clinical instances. Accordingly, CD4 ϩ T cells from HIVϩ and HIVϪ individuals were stained for GARP expression post-TCR activation as shown in Fig. 5A . Interestingly, although this subset of HIVϩ patients had a much higher percentage of FOXP3ϩ T cells than healthy donors (Fig. 5B) , the proportion of T cells expressing GARP within the two groups was similar (Fig. 5C) . In corollary analysis, there was a striking discordance between the percent of FOXP3ϩCD25ϩ T cells to FOXP3ϩGARPϩ T cells within this HIVϩ population as compared with HIVϪ healthy subjects (Fig. S5) . This finding suggests that FOXP3 expression in the T cells of HIVϩ subjects may reflect chronic T-cell activation resulting from HIV infection (18, 19) , rather than true Tregs.
Discussion
Tregs play pivotal roles in maintaining peripheral tolerance. A variety of cell surface markers have been suggested to identify the naturally developed human Treg subset, which are most often defined as CD4 ϩ T cells expressing high levels of CD25 and FOXP3. However, CD25, as well as many other human Tregattributed cell surface markers (such as CTLA-4, GITR, and CD127), are either up-regulated or down-regulated on nonTregs after TCR stimulation, rendering these unsuitable to be used as a marker for Tregs during T-cell activation. FOXP3 is also not completely restricted to human Tregs, as TGF␤ can induce FOXP3 expression on most conventional T cells during activation, which do not acquire suppressive function (15) (Fig.  3) . Recently, we identified a surface molecule GARP which is specifically up-regulated on Tregs post-TCR activation (10). Here we show that GARP is a useful marker to identify activated bona fide human Tregs. Using a monoclonal antibody, we showed that expression of GARP postactivation was maintained for 2-3 days before gradually declining over time, suggesting that functionally GARP is important only for brief period post-TCR stimulation. GARP expression was slightly delayed on activated naive Tregs, possibly reflecting their less mature differentiation state (11) .
Implications for Human Treg Function and Differentiation. We found that reduced GARP expression, via shRNA expression in Tregs, attenuates their suppressive activity moderately but significantly, suggesting that GARP could have a relatively small contribution to Treg-mediated suppression. Indeed, we had previously shown that overexpression of GARP in non-Tregs endowed them with modest suppressive capacity, consistent with these findings (10) . Reducing GARP induction in Tregs did not affect their FOXP3 expression or their low response to TCR stimulation as measured by IL-2 and IFN␥ secretion. This finding is in agreement with our prior results that silencing FOXP3 in Tregs, which reduces GARP expression, also does not significantly affect their response to TCR signals (11) . How GARP could be contributing to suppressive function of Tregs, and why these cells selectively express GARP upon activation remains unclear. An important advance in understanding GARP function was provided by Tran et al. (25) , who discovered that GARP is a receptor for latencyassociated peptide (LAP), which requires TGF␤ for binding to GARP. It is conceivable that expression of the LAP-TGF␤ complex on the cell surface of Tregs or GARP-overexpressing cells deliver a suppressive signal to target T cells that express TGF␤ receptors. The association of LAP-TGF␤ with GARP would also provide a mechanistic explanation for our previous finding that ectopic expression of GARP induces FOXP3 in conventional T cells (10) . Thus, we postulate that LAP-TGF␤ bound to GARP could induce expression of FOXP3 through the signaling of TGF␤ receptors, as has been previously suggested (20) . We have shown that TCR stimulation is required for rapid induction of GARP on resting human Tregs. Silencing FOXP3 in Tregs reduced the level of GARP expression postactivation. Interestingly, GARP was only minimally up-regulated on cells ectopically expressing FOXP3. This finding, together with the result that TGF␤-induced FOXP3 is not sufficient for GARP induction, suggests that there are other unknown factors required for specific GARP expression. Because TGF␤ was shown recently to contribute to Th17 differentiation in conjugation with IL-6 or IL-1␤ (21, 22) , perhaps other cytokines or soluble factors could also program GARP expression in conjunction with TGF␤. It is also possible that the level and duration of FOXP3 expression is important in determining whether a cell can express GARP upon activation (23) . However, we show that even when ectopic expression of FOXP3 is at higher levels than natural Tregs, GARP is not induced (Fig. 3D) , indicating that the level of FOXP3 is not a limiting factor for GARP induction. Alternatively, FOXP3 expression during development of Tregs results in epigenetic modifications that may allow induction of GARP from these cells. It will also be of interest in future to determine whether GARP expression in murine T cells is regulated similarly to that in humans, as TGF␤ signals are sufficient to confer Treg function in naive murine T cells (6, 7).
Implications for Human Th17 Cell Differentiation. Recently it has been shown that CD25ϩ Treg-like cells also secrete IL-17 (16, 17) . These could be either common Tregs that have switched sides to Th17 lineage or cells with dual functionality. We found that CD25ϩ T cells that are induced to express high GARP levels contain few IL-17ϩ cells, whereas the GARP-negative portion is greatly enriched in IL-17-secreting cells, regardless of FOXP3 expression (Fig. 4C) . Our findings are consistent with recent reports that a sizeable portion of human CD25ϩFOXP3ϩ cells contain IL-17-secreting cells (16, 17) . Similar to these reports, we found that although CD25ϩGARPϪ cells that contain high IL-17 secretor also display suppressive function, this was significantly lower compared with the suppressive capacity of CD25ϩGARPϩ cells. Because it is difficult to separate IL-17ϩ-secreting cells within this subset, it is not yet clear whether CD25ϩGARPϪIL-17ϩ cells have suppressive capacity, as has recently been suggested (16) . It also remains to be determined whether these CD25ϩ T cells with dual Treg/Th17 cell characteristic are derived from naive T cells, or alternatively, whether they differentiate from Tregs that switch sides to Th17 lineage while retaining some Treg functionality. Voo et al. provided evidence for the latter model (17) , which we also favor. In this regard, a small percentage of IL-17ϩ cells present in the GARPϩ cells could be transitional Th17-lineage committed T cells, which eventually down-regulate FOXP3 expression and have lost the capacity to up-regulate GARP expression. Indeed, CD25ϩGARPϪ cells expressed relatively lower FOXP3 as compared with CD25ϩGARPϩ cells after expansion in culture. Thus, expression of GARP could be an invaluable tool to further dissect the original duality or cross-differentiation pathways of Treg and Th17 lineage T cells.
Implications for HIV Pathogenesis. Our results led us to explore the possibility of using GARP as a marker to isolate Tregs from the activated T-cell population. We showed that all GARPϩ T cells possess Treg characteristics including FOXP3 expression, hyporesponsiveness, and suppression of T-cell activation. These findings predict that GARP expression would reliably identify suppressive Tregs in ex vivo analysis of human T-cell subsets. As a proof-of-principle experiment, we show that there is a very large discordance between GARPϩ and FOXP3ϩ T cells in some HIVϩ individuals. This group of HIVϩ subjects had much greater levels of FOXP3ϩ cells compared with GARPϩ cells. Based on our findings that GARP is preferentially expressed on highly suppressor bona fide Tregs, we suggest that FOXP3 expression in these patients is mostly caused by chronic immune activation, which can potentially result in FOXP3 induction through TGF␤ (8) . Thus, future studies using GARP as a marker to identify Tregs during HIV infection could resolve some of the contradictory findings on the level of Tregs at various stages of HIV disease (24) . It will also be interesting to determine whether, at mucosal tissues or sites of inflammation, where there is continuous T-cell activation, GARP-expressing T cells can be directly identified, which would suggest ongoing activation of Tregs in these locations.
In summary, we demonstrated that surface expression of GARP identifies both activated FOXP3ϩ human T cells with high suppressive activity and excludes IL-17-secreting Treg-like cells. Thus, expression of GARP can be of great use in expanding bona fide human Tregs in vitro, both to dissect their biology and for clinical in vivo use, for example to establish transplantation tolerance. Our findings also implicate additional factors other than FOXP3 or an epigenetic program for development or lineage commitment of true Tregs that express GARP. Expression of GARP will also be useful in defining whether T cells with Treg phenotype that secrete IL-17 are derived from bona fide Tregs that have switched to the Th17 side or whether these cells represent a separate effector lineage. In addition, expression of GARP can be a highly relevant biomarker to better identify Tregs in human diseases with high immune activation, such as HIV infection, or at sites of inflammation.
Materials and Methods
Cell Purification and Culture. Human peripheral blood mononuclear cells (PBMCs) were isolated with Ficoll-Hypaque (Amersham Pharmacia), from peripheral blood from normal donors and CD4 ϩ T cells were then separated using magnetic cell sorting (Dynabeads; Invitrogen). Purified CD4 ϩ T cells were then stained with anti-CD25 and CD45RO antibodies (BD Biosciences), and the different T-cell subsets, including naive and Tregs, were sorted using FACS Aria flow cytometer (BD Biosciences) (10) . Cells were cultured in RPMI (Life Technologies), media containing FCS (Atlanta Biologicals), as described before (3). Monocyte-derived dendritic cells (DCs) were generated from CD14ϩ cells from normal donors as previously described (3). The superantigen, staphylococcal enterotoxin B (SEB), was purchased from Sigma. FACS Analysis. Cells were stained with relevant antibodies on ice for 30 minutes in PBS buffer containing 2% FCS and 0.1% sodium azide. Cells were washed twice before being analyzed by BD LSRII flow cytometer. Live cells were gated based on forward and side scatter profiles or based on exclusion with propidium iodide (PI) staining, and analysis was performed using FlowJo software (Tree Star). To stain for cytokines intracellularly, cells were activated by PMA and ionomycin (Sigma) for 5 hours, followed by fixation and permeabilization using a commercial kit (BD Biosciences), according to the manufacturer's instructions. The following antibodies were used for staining: IFN␥ and IL-17 (eBioscience), CD45RO, CD25 (both from BD Biosciences). GARP staining was performed 1-2 days post-TCR activation by first staining with mouse anti-GARP (Alexis Biochemicals), followed by anti-mIgG2b bio (BD Biosciences), and finally with strep-APC (eBioscience). FOXP3 expression was performed via intracellular staining. Briefly, cells were washed and resuspended in 1X Fixation/Permeabilization buffer (eBioscience) and incubated at 4°C for 30 -60 minutes. Cells were then washed twice with 1X Permeabilization buffer and stained with anti-FOXP3 antibody (clone 259D, Biolegend), for 30 minutes at 4°C. Cells were washed twice with 1X Permeabilization buffer and analyzed by LSR II.
Cell Proliferation and Cytokine Assays. Cells were labeled with carboxyfluorescein succinimidyl ester (CFSE) (Molecular Probes), and activated by DC and either anti-CD3 antibody (ATCC clone OKT3) or SEB (Sigma) at different concentrations as previously described (3). For GARP induction or cytokine secretion, cells were activated with CD3/CD28 beads (Invitrogen). Supernatants from activated T-cell cultures were collected 16 hours later; cytokine production was measured using cytometric bead array (CBA; BD Biosciences) and analyzed by FlowJo (Tree Star). Proliferation of the cells was assessed on day 4 or day 5 post-TCR activation by monitoring dilution of CFSE in the cells. Statistical analysis was performed with a paired t test for comparison between two groups and one-way analysis of variance (ANOVA) for comparison within three or more data groups using Prism (GraphPad Software).
Suppression Assay. Resting CD4 ϩ T cells were sorted as described above, labeled with CFSE and used as targets as described (3) . The CFS-labeled resting T cells and non-labeled ''suppressor or effector'' cells were mixed together at different suppressor-to-target ratios. The cells were stimulated by soluble anti-CD3 antibody (OKT-3, 10 -100 ng/ml) in the presence of DCs (1:10) or alternatively DCs pulsed with suboptimal concentrations of SEB (range, 0.1-0.001 ng/ml). Cells were harvested and analyzed by FACS (LSR-II, BD Biosciences) on day 4 or day 5 postactivation. The percentage of suppression was calculated as previously described (10) ; data represent mean Ϯ SEM of duplicates or similar experiments from at least three different donors. Statistical analysis was performed with a paired t test for comparison between two groups and one-way ANOVA for comparison within three or more data groups.
Study Subjects and Statistical Analysis. Buffy coats from healthy adult subjects (n ϭ 15) who were HIV negative and with no documentation of chronic viral infections such as hepatitis B or C were obtained from NY Blood bank. Blood samples from adults with HIV infection (n ϭ 11) were obtained during routine patient care visits in Virology Clinic at Bellevue Hospital (New York, NY). No selection criteria based on race or sex was included. All subjects provided written consent and the study was approved by the NYU Institutional Review Board. Variables within healthy and HIVϩ donors were compared using a paired t test. Variables between healthy and infected individuals were compared by a Mann-Whitney test. Categorical variables were determined by a 2 test. All significance levels were based on two-tailed tests. Statistical analyses were performed using Prism (GraphPad).
Quantitative PCR. Total RNA from cells was isolated and cDNA was synthesized as previously described (3). Quantitative PCR was performed with the synthesized cDNA using Applied Biosystems 7300 apparatus. TaqMan primer and probe mixes were purchased from Applied Biosystems; their IDs are as follows: ␤-actin (used as a reference gene): Hs99999903ml; GARP: Hs00194136ml; FOXP3 primer mix ID: Hs00203958m1.
